Abstract Quantifying lignin and carbohydrate composition of corn (Zea mays L.) is important to support the emerging cellulosic biofuels industry. Therefore, field studies with 0 or 100 % stover removal were established in Alabama and South Carolina as part of the Sun Grant Regional Partnership Corn Stover Project. In Alabama, cereal rye (Secale cereale L.) was also included as an additional experimental factor, serving as a winter cover crop. Plots were located on major soil types representative of their respective states: Compass and Decatur soils in Alabama and a Coxville/Rains-Goldsboro-Lynchburg soil association in South Carolina. Lignin and structural carbohydrate concentrations in the whole (above-ground) plant, cobs, vegetation excluding cobs above the primary ear (top), vegetation below the primary ear (bottom), and vegetation from above the primary ear including cobs (above-ear fraction) were determined using near-infrared spectroscopy (NIRS). The distribution of lignin, ash, and structural carbohydrates varied among plant fractions, but neither inclusion of a rye cover crop nor the stover harvest treatments consistently affected carbohydrate concentrations within locations. Total precipitation and average air temperature during the growing season were strongly correlated with stover composition indicating that weather conditions may have multiple effects on potential biofuel production (i.e., not only yield but also stover quality). When compared to the above-ear fractions, bottom plant partitions contained greater lignin concentrations. Holocellulose concentration was consistently greater in the above-ear fractions at all three locations. Data from this study suggests that the above-ear plant portions have the most desirable characteristics for cellulosic ethanol production via fermentation in the southeastern USA.
Introduction
Global demand for renewable bioenergy feedstock has increased substantially during the past millennium. Corn stover has been identified as a major second-generation nonfood agricultural feedstock for bioenergy purposes [1] because, while most abundant in Midwestern state, it is grown across the USA. Corn stover is a readily available and inexpensive feedstock for biofuel production through enzymatic ethanol or thermochemical conversion processing [2] . Therefore, improving biomass yield and/or the conversion efficiency could provide substantial economic benefit to interested industries [3] .
The biofuel yield of any conversion process can be significantly affected by biomass composition [4] . The main components of the plant tissue are cellulose, hemicellulose, lignin, and ash [5] . Cellulose and hemicellulose are structural polysaccharides of plant cell walls [6] with the former being a polymer of glucose and, as a major plant component, the most abundant carbohydrate on earth [7] . Cellulose is therefore the most desirable plant component for cellulosic ethanol production through fermentation, with lignin being identified as the least desirable component, which is known to inhibit biomass hydrolysis [8, 9] . Nevertheless, for thermochemical biofuel production, lignin-rich biomass would be desirable due to its high energy content [10] .
Literature related to whole-plant corn stover composition as well as that within various plant parts dates back to the late 1920s. According to an old study [11] , the composition of corn stalks (percentage of dry weight) is 28.7 % cellulose, 21.9 % hemicellulose, 9.5 % lignin, and 7.5 % ash. In a more recent study [12] , lignin accounted for 18.7 % of the corn stover, while through decades of crop improvement and hybridization, carbohydrates accounted for 58.3 % of total biomass. Several studies have indicated the heterogeneity of corn biomass composition and the impact on cellulose enzymatic hydrolysis [13] [14] [15] . A 2009 study [15] suggested that stover from above the ear had a higher quality for fermentation and that the lower portion (below the ear) was wetter and likely to have soil contamination (i.e., increased ash content). This vertical heterogeneity may also be influenced by genetic differences [2] and yearly environmental variations [16] .
A major concern associated with harvesting crop residues as bioenergy feedstock is potential negative impact of biomass removal on overall soil quality and long-term productivity due to a decrease in C inputs to soil [17] [18] [19] . Incorporating cover crops in a crop rotation is a prospective management strategy to offset potential negative consequences from residue harvest [20] . In the southeastern USA, cereal rye (Secale cereale L.) has been identified as a winter cover crop with large biomass production potential [21] . Minimizing soil quality impacts may also be achieved through alternative management strategies, such as only harvesting certain portions of the corn stover. For instance, to balance soil residue needs with downstream fermentation needs, it has been proposed to collect only the fraction of corn stover with the greatest glucose content [22] . The stover left in the field would thus be available for soil erosion control and to help sustain soil organic matter. Therefore, it would be valuable for soil management purposes to identify portions of the stover with desirable composition for biofuel production.
As previously stated, C inputs to soil in the form of crop residue additions impact soil chemical, physical, and microbiological properties, as well as crop productivity. Although there is information in the literature on how drought stress [23] , planting densities [24] , and crop development stage [25] affect biomass composition, data regarding how altering C inputs through crop residue returns to the soil (e.g., C inputs due the use of cover crops and reduced C inputs due to stover harvest) and its impact on stover composition are lacking. Our objective was to assess impacts of southeastern US corn management practices on stover carbohydrate composition averaged over multiple years (3) through three separate studies designed to determine 1. if average temperature and cumulative rainfall during the growing season and stover composition were correlated; 2. if altering C inputs to the soil by using cereal rye as a winter cover crop and harvesting corn residue affected composition of corn; and 3. the vertical distributions of lignin, ash, and structural carbohydrates in corn stover harvested at three locations across the southeastern USA.
Materials and Methods

Site Description
This study was conducted from 2009-2011 at two locations in Alabama (AL) and one location in South Carolina (SC . Treatments included two levels of corn residue management (0 and 100 % removal rates). Both sites in AL were arranged in a split-plot design with three replications with plots 16.7 m 2 in size. Main plots consisted of cereal rye as a winter cover with three levels (no cover, rye as a cover crop harvested in spring, and rye retained after chemical termination with glyphosate), and subplots were two corn residue removal levels (0 and 100 % removal). A single N fertilizer rate of 168 kg ha −1 was applied to all plots in SC and in AL. In late winter of every year in AL, 34 kg ha −1 N was applied to all plots with cereal rye as a winter cover. DeKalb C69-71 corn hybrid was grown in SC, while Pioneer 31G65R was grown at both locations in AL. Urea ammonium nitrate (UAN 28-0-0) was used as the nitrogen source in all three sites, while P and K were applied based on soil test results. The plots in SC were under nonirrigated continuous corn production, which included annual strip-till to a depth of 30 to 40 cm. Corn in AL was grown continuously in a no-till system without irrigation.
Weather Data and Sample Collection
Daily precipitation and air temperature data were collected from weather stations located at each experimental site. Cumulative precipitation (in millimeters) and average air temperature (in degrees Celsius) at 1.5 m above ground during the entire growing seasons (from sowing to harvest) were calculated and used as independent variables. The corn plants in SC were harvested at physiological maturity, while plants in Alabama were harvested at grain harvest between mid-September to mid-October depending on the year and location. Two 1-m row lengths from the center rows of the plots were sampled at each location. Corn grain and cobs were separated from the stalks. The grain was separated from the cobs using a shelling machine. Stalks were further separated into four increments: below the ear (bottom), above the ear excluding cobs (top), and the cobs alone. An additional fraction of the total stover included in the analysis was the above-the-ear portion, which included top and cobs (above-ear fraction). The compositional characteristics of the above-ear portion were calculated using a dry biomass yield weighted average of the top and cob fractions. Stover samples were oven-dried for approximately 7 days at 55 to 60°C until constant weight and ground in a Wiley mill to pass through a 2-mm sieve.
NIR Preprocessing
Near-infrared spectroscopy (NIRS) techniques were employed for sample analysis. To ensure appropriate calibration of the NIR that would capture a wide range of compositional characteristics, all ground samples from all three locations (~400), along with 2,100 corn tissue samples from other experiments, were scanned and analyzed with a FOSS 5000 NIRS instrumentation using the ISIscan TM and WinISI 4 software (© FOSS Analytical AB 2004). After scanning all the samples, the Standard Normal Variate (SNV) and Detrend (Detrend) scatter correction in WinISI4 were used to reduce particle size effects and remove the linear and quadratic curvatures from the spectra. The spectra were then ranked according to the global Mahalanobis distance (GH), and then, representative samples from the entire GH range were chosen for wet chemistry analysis.
Chemical Analysis
Chemical analysis of a selected subset of samples was conducted to calibrate the NIR system to the specific corn material from this study. Wet chemistry procedures [26, 27] were used to determine neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and ash content, for the selected corn tissue samples. Cellulose content was calculated by the difference of ADF−ADL. Hemicellulose content was calculated by the difference of NDF−ADF. Lignin content was calculated by the difference of ADL−ash. Holocellulose was defined as the summation of cellulose and hemicellulose. Although the applied wet chemistry methods tend to overestimate cellulose and hemicellulose and underestimate lignin [28] , the data obtained were considered valid for the purposes of this study.
NIR Calibration
The most appropriate regression method for the calibration of the NIRS data was the modified partial least squares (modified PLS). The math treatment used for the calibration was the (1, 4, 4, 1). This math treatment involved the first derivative, a 4-nm gap with four initial smoothing points, and no further smoothing. The standard error of calibration (SEC) and the standard error of cross validation (SECV) were the lowest achieved concurrently with the highest possible R 2 values (Table 1) . To further evaluate the accuracy of the developed models, an additional dataset (n=160) of plant tissue with known carbohydrate content values was included and scanned in the NIRS with the stover samples. The actual compositional values in these samples were compared to the NIRS-derived values. There was no significant difference between the actual and NIRS-predicted values, which was an additional indication of the acceptable performance of the NIRS models.
Statistical Analysis
This multilocation study was not designed nor intended to examine corn stover composition differences among locations, soil types, or between hybrids. The CORR procedure in SAS 9.3 (SAS for Windows v. 9.3, SAS Institute Inc., Cary, NC) was used to detect correlations among weather conditions during the growing season and individual components across total and partitions of corn biomass pooling treatments within locations. Repeated measures analysis of variance, utilizing the GLIMMIX procedure and the AR (1) covariance structure, was used to detect differences in the partial biomass composition due to the 3-year average effect of rye cultivation and of corn residue management at every location. Four plant portions were of interest: the bottom portion (bottom); top portion excluding cobs (top); cobs alone (cob); and the plant portion above the first ear (above-ear fraction), which was calculated as a weighted average of the top portion of the plant and the cobs. Since the above-ear fraction was not mutually exclusive from the tops and cobs, its compositional characteristics were compared only against the bottom portion of the stover within locations. A factor was considered to be significant at a level lower than 0.05 (α=0.05).
Results and Discussion
In-Season Weather Effects on Biomass Composition
In nonirrigated agriculture, one of the most limiting factors in corn production is the lack of adequate water. Cumulative precipitation levels and average air temperatures varied over the nine location-years of this experiment (Table 2) . However, at all three sites, significant moderate to strong correlations were detected between the season weather conditions and stover compositional characteristics (Table 3 ). More specifically, at the SC site, significant correlations were detected between the weather variables (seasonal cumulative precipitation and average air temperature) and cellulose components in all plant parts (Table 3) . Similarly, holocellulose content exhibited strong correlations similar in direction to cellulose. Ash content in biomass was negatively correlated with seasonal precipitation and positively with air temperature. At both AL sites, the correlations were not as strong as in SC and varied between positive and negative. Cellulose, lignin, and holocellulose contents in total stover and partitions were positively correlated with cumulative seasonal precipitation and negatively correlated with seasonal average air temperatures (Table 3 ). It appears that there was a biomass compositional response to climate variations. As precipitation increased during each growing season, the lignin content decreased in the DeKalb hybrid (SC location). Conversely, as precipitation increased in AL, lignin content increased in the Pioneer hybrid. These variations could be attributed to genetic differences between corn hybrids [2] and/or differences in environmental conditions [16] . These results suggest that the differences in biomass composition can affect the amount of biofuel produced due to seasonal and regional climate variations. Therefore, it is important to conduct in-depth research on the specific effects of climate impacts on biomass composition and quantify the cellulosic ethanol potential of corn plants grown in different climate regions.
Rye and Corn Stover Management Effect on Biomass Composition
Harvesting corn stover or including rye cover crop had minimal impact on chemical composition at any of the sites (data not shown). Even in the few cases that were identified as significant, the mean compositional change due to management practices were <1 % for cellulose content and <0.5 % for ash content; therefore, they are of low practical importance. The lack of compositional variation due to residue management implies that 100 % corn stover removal would not have an impact on the downstream bioenergy production practices using stover as a feedstock. However, the duration of the experiment should be considered before recommending longterm corn stover harvesting practices. A long-term study could reveal significant variations in the chemistry of corn stover tissue as a result of residue management practices and impacts to soil properties. Additionally, despite the limited effect of rye on stover composition, the benefits on soil productivity of cover crops under conservation tillage practices should always be considered [29, 30] . Furthermore, retention of rye in the field could reduce soil contamination on feedstock and cause microclimate interaction that affect water retention properties and soil heating properties in the spring. These interactions could affect biomass yield and compositional characteristics beyond the levels observed in this study.
Vertical Biomass Composition
Total and partial biomass composition was highly variable at all three locations (Table 4) . These variations, in addition to the compositional responses to in-season climate, further indicate the possible differences between the two experimental corn varieties. However, there were similarities in the way that the components of interest were distributed among different plant portions across locations. Among the three stover fractions (Table 5) , the greatest holocellulose content was observed in the above-ear fractions and cobs; alternatively, the least amount of holocellulose was detected in the bottom plant fractions; and lastly, the bottom portions of the stover exhibited the greatest amount of lignin, while the upper fractions of the stover contained the lowest amounts. These results are in agreement with a study conducted near Ames in IA [31] . The only component distributed differently among the plant parts between state locations was the ash content. At SC, the least amount of ash was detected in the cobs and the greatest amount of ash was measured in the bottom stover portion, while at both sites in AL, the ash content was not significantly different between bottom and top fractions. When comparing the bottom and above-ear fractions (Table 6 ), the bottom portion exhibited significantly greater cellulose, lignin, and ash content at all three locations. The above-ear fractions had greater hemicellulose and holocellulose content and lower lignin than the bottom portion. The observed distribution of lignin and structural carbohydrates indicates that the above-ear fraction has more desirable composition for cellulosic ethanol conversion than the bottom plant portion. These results are in agreement with previous studies which also identified the stover fraction above the first ear as a higher-quality fermentation feedstock [15, 31, 32] . It is known that corn stover biomass can be used by the bioenergy industry for biofuel production [33] . Biomass feedstock with large amounts of cellulose and hemicellulose and low lignin is the most desirable for cellulosic production via fermentation [8, 9] . During the 3 years of the experiment across all three locations, the cobs, tops, and above-ear portions exhibited the greatest holocellulose contents and lowest amounts of ash and lignin. Therefore, regardless of corn hybrid used here, climate, or soil type associated with corn production, the top, cob, and above-ear fractions seemed to have the most suitable compositional characteristics for cellulosic ethanol production via fermentation.
Conclusions
Cellulosic corn stover biomass can be used as feedstock for biofuel production. In this multilocation study, the 3-year average effect of both corn residue removal (0 and 100 % removal) and of rye cultivation was minimal on biomass composition. There were numerical differences between corn hybrid in the quantitative vertical distribution of structural carbohydrates, lignin, and ash content. However, at all three sites, the relative distribution of cellulose, hemicellulose, and lignin was similar among different plant portions. Due to the strong correlations between biomass composition and in-season weather conditions, it is necessary to further investigate climate impacts on downstream biofuel production. Results from this study indicate that the above-ear fractions of both corn hybrids grown in major soil types of the southeastern USA have the more desirable composition for cellulosic ethanol production via fermentation relative to the below-ear portion.
